Introduction {#section1-1536012118787322}
============

Allograft organ transplantation from a donor to a recipient is one of the most challenging and complex medical procedures employed to address many common medical problems when other treatment options have failed. Although great progress has been made to improve donor organ engraftment, immunogenic rejection of an organ from an unrelated donor remains problematic.^[@bibr1-1536012118787322]^ To address this problem, substantial progress has been made in tissue engineering research involving the decellularization of donor organs, which can subsequently be repopulated with a recipient's cells from the same organ.^[@bibr2-1536012118787322]^ This approach has great potential to revolutionize autologous organ transplantation, where cells or tissue from a patient are transplanted to a new location in the same patient.

The liver is the second most common organ used in allograft transplantations.^[@bibr3-1536012118787322]^ Due to the increase in liver pathologies such as nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, and hepatocellular carcinoma, liver transplantations have potential to become more common than kidney transplants.^[@bibr4-1536012118787322],[@bibr5-1536012118787322]^ Thus, substantial tissue engineering efforts have particularly focused on the de/recellularization of liver tissues from a range of animal models. However, improvements are needed to reseed and proliferate recipient liver cells throughout the decellularized liver scaffold from a donor. This process of cell reseeding and proliferation would benefit from noninvasive methods that can track this process.

Noninvasive imaging provides strong advantages for evaluating the longitudinal progression of organ recellularization. Ultrasound imaging with a high frequency transducer can produce images with ∼125 µm spatial resolution in 3 dimensions and can be rapidly performed within seconds after a few minutes of preparation time.^[@bibr6-1536012118787322]^ Mesoporous silica particles are echogenic materials that produce strong ultrasound imaging signals relative to background, which have been used for a variety of molecular imaging applications including cell labeling due to the long-term stability of these particles in cells.^[@bibr7-1536012118787322],[@bibr8-1536012118787322]^ For comparison, magnetic resonance imaging (MRI) at a high magnetic field strength and a small-diameter transceiver coil can generate 50 µm spatial resolution in 3 dimensions.^[@bibr9-1536012118787322]^ With proper expertise, MR imaging of tissue samples can be performed within 10 minutes. Iron oxide particles generate darker image contrast via T~2~\* relaxation and have been employed for many molecular imaging studies.^[@bibr10-1536012118787322],[@bibr11-1536012118787322]^ In particular, iron-labeled cells have been tracked in vivo for many biomedical studies.^[@bibr12-1536012118787322]^

We investigated the use of ultrasound imaging and MRI to detect and monitor the recellularization of liver scaffolds. We characterized mesoporous silica particles and iron oxide particles, especially to determine their detection sensitivity with their respective imaging modality. We then labeled liver cells with each type of particle, decellularized and reseeded liver scaffolds with the labeled cells, and monitored longitudinal cell proliferation. We included fluorophores in each particle so that we could employ confocal microcopy of biopsied liver samples. We also used scanning electron microscopy (SEM) of biopsied samples to evaluate the progression and quantity of recellularizations.

Materials and Methods {#section2-1536012118787322}
=====================

Reagents {#section3-1536012118787322}
--------

All reagents were obtained from Sigma-Aldrich (St. Louis, Missouri) unless otherwise specified. The synthesis of silica particles used tetraethyl orthosilicate, ammonium hydroxide (EMD Millipore Corp, Billerica, Massachusetts), 200 proof ethanol (Decon Labs, Inc, King of Prussia, Pennsylvania), and Alexa Fluor 647 (Invitrogen, Thermo Fisher Scientific, Inc, Grand Island, New York). The silica particles were modified using 90% nitric acid, 99.9% anhydrous acetonitrile (Acros Organics, Geel, Belgium), 99% (3-aminopropyl)triethoxysilane (APTES), 200 proof ethanol (Decon Labs, Inc), phosphate-buffered saline (PBS; G-Biosciences, Inc, St. Louis, Missouri), protamine sulfate, acetone (Fisher Scientific, Pittsburgh, Pennsylvania), L-glutamine, agar (Difco, Becton Dickson Co, Franklin Lakes, New Jersey), 2-(N-morpholino)ethanesulfonic acid buffer (MES), water soluble carbodiimide (Acros Organics), 99% N, N′-dicyclohexyl-carbodiimide (G-Biosciences, Inc), and Tween 20 (EMD Millipore Corp). Polystyrene particles with an average diameter of 1.63 µm contained iron oxide particles and Dragon Green fluorophore (Bangs Laboratories, Inc, Fishers, Indiana).

Cell culture supplies included MEM Alpha with GlutaMAX (Gibco, Thermo Fisher Scientific, Inc), a solution of 10 000 units/mL penicillin and 10 000 µg/mL streptomycin (HyClone, GE Healthcare Life Sciences, Inc, Logan, Utah), fetal bovine serum (FBS), and trypsin with 1× EDTA in 0.25% Hank's Balanced Salt Solution (HBSS) (Corning, Inc, Pittsburgh, Pennsylvania). Tissue processing was accomplished with 4% (wt/vol) paraformaldehyde (EMD Millipore Corp), University of Wisconsin (UW) organ preservation solution (Preservation Solutions, Inc., Elkhorn, Wisconsin), 70-µm Falcon nylon filters (Becton Dickson Co), collagenase, collagen I bovine protein (Gibco, Thermo Fisher Scientific, Inc), and percoll density centrifuge gradient media.

Particle Synthesis {#section4-1536012118787322}
------------------

Silica mesoporous particles were synthesized using the Stöber method with minor changes.^[@bibr13-1536012118787322]^ Particles were synthesized by quickly adding a solution of 50 µg of Alexa Fluor 647 in 2 mL of tetraethoxysilane (TEOS) and 3 mL of ethanol to a stirred solution of 2.5 mL ammonia in 23.5 mL ethanol under argon gas at room temperature. The solution was stirred for 1 hour and sonicated for 10 minutes. The particles were then centrifuged at 8000 rpm (2135*g*) for 30 minutes, washed with water, vortexed, sonicated, and resuspended in water, for a total of 3 times. To quantify particles produced during synthesis, 20% of the final suspension dissolved in deionized water was added to an Eppendorf tube of known weight, lyophilized, and reweighed.

Particle Modification {#section5-1536012118787322}
---------------------

The surfaces of the silica mesoporous particles were modified to improve cellular uptake.^[@bibr14-1536012118787322]^ More specifically, the unmodified silica nanoparticles had a surface with a high negative charge. Modification of the surface with protamine sulfate, glutamine, and glycine reduced this negative charge, which improves cellular uptake. One milliliter of silica mesoporous particles at 12.68 mg/mL concentration was centrifuged at 10 000 rpm (3335*g*) for 10 minutes. The pellet was resuspended 10 mL of 1 mol/L nitric acid, sonicated for 10 minutes, and heated to 70°C to 80°C for 30 minutes. To remove the nitric acid, the solution was centrifuged, resuspended in water, and sonicated for 10 minutes 3 times. To remove the water, the particles were centrifuged, washed in acetone, and sonicated for 10 minutes 3 times. To remove the acetone, the particles were dried under argon gas and kept in an oven at 70°C for 30 minutes.

To conjugate APTES to the surface, the particles were resuspended in 2 mL of APTES and shaken for 12 hours. The silica particles were centrifuged at 10 000 rpm for 10 minutes and resuspended in acetonitrile 3 times, then centrifuged and resuspended in ethanol 3 times, and finally centrifuged and resuspended in deionized water 3 times.

To further derivatize the surface of the particles, the silica particles were centrifuged at 10 000 rpm for 10 minutes and resuspended in 5 mL deionized water with a 10% solution of N-hydroxysuccinimide ester crosslinker for 2 hours at room temperature. After the crosslinker was conjugated to the surface, the silica particles were centrifuged at 10 000 rpm for 10 minutes, resuspended in 0.112% (wt/vol) protamine sulfate with 10 mL PBS 1× buffer, and reacted for 4 hours at room temperature. The silica particles were centrifuged at 10 000 rpm for 10 minutes and resuspended in 40 mmol/L solution of glutamine and 13.32 mmol/L glycine blocking solution with 10 mL PBS 1× buffer to quench the reaction. The silica particles were centrifuged at 10 000 rpm for 10 minutes and resuspended 3 times in deionized water with a final volume of 10 mL. From the final volume, 2 mL of the suspension were placed in an Eppendorf tube of known weight, lypholized, and reweighed to determine the final yield.

The iron oxide particles had a polystyrene coating that included Dragon Green fluorophore and were found to have an average diameter of 1.63 µm. These iron oxide particles were modified with protamine sulfate to improve cell uptake.^[@bibr15-1536012118787322]^ One milliliter of 100 mg/mL iron oxide particles was centrifuged at 5500 rpm (1008*g*) for 10 minutes. To sterilize the material, the particles were resuspended in 1 mL of ethanol, vortexed, and centrifuged at 5500 rpm for 10 minutes for a total of 3 times. The particles were resuspended in 1 mL of distilled water, vortexed, sonicated for 5 minutes, and centrifuged at 10 000 rpm for 10 minutes for a total of 3 times. The particle solution was centrifuged at 10 000 rpm for 10 minutes and resuspended in 10 mL of the MES activation buffer at pH 6.22 for a total of 2 times using vortexing, water bath sonication, and centrifugation, followed by incubation for 24 hours at 4°C. The particles were centrifuged at 10 000 rpm for 10 minutes, and the pelleted particles were resuspended in 10 mL of the activation buffer with 64.8 mmol/L of water soluble carbodiimide at room temperature for 15 minutes. The particles were then washed in the PBS coupling buffer 2 times following the same vortex, centrifuge, and sonication techniques, then incubated in 5 mL of the coupling buffer with a 2.55 mmol/L protamine sulfate, and allowed to react at room temperature for 4 hours. The particles were centrifuged, and the pellet was resuspended in a solution of 14.6 mmol/L glutamine in 10 mL PBS quenching solution and mixed for 30 minutes. The particles were centrifuged, supernatant was removed, and the particles were resuspended in PBS storage buffer at 4°C.

Particle Characterization {#section6-1536012118787322}
-------------------------

The dynamic light scattering (DLS) of the particles was measured in triplicate using a Zetasizer Nano Series system (Malvern Instruments, Ltd, Malvern, United Kingdom). Samples of 200 µg/mL of silica particles or iron oxide particles were analyzed in triplicate. The refraction index was set to 1.45 for silica particles, 2.42 for iron oxide particles, and 1.332 for PBS. These refractive indices were preset by Malvern and selected for their similarity to our materials.

Cell Isolation and Labeling {#section7-1536012118787322}
---------------------------

Murine liver hepatocytes were isolated from C.B-17/Icr ACC SCID mice using a combination of previously reported methods.^[@bibr16-1536012118787322][@bibr17-1536012118787322][@bibr18-1536012118787322][@bibr19-1536012118787322][@bibr20-1536012118787322]--[@bibr21-1536012118787322]^ Upon mouse killing and liver extraction, the liver was placed in UW organ preservation solution at 37°C. The tissue was minced with a razor and treated with 6 mL of 1.1 mg/mL collagenase at 37°C for 6 to 10 minutes with periodic shaking. After digestion was complete, the contents were filtered through a 70-µm nylon filter into 15 mL of cold Alpha MEM media, which was centrifuged at 1100 rpm (40*g*) for 5 minutes at room temperature. The supernatant was recentrifuged, and the 2 pellets were combined and resuspended in complete Alpha MEM media, 10% FBS, and 1% PenStrep (100 U/mL penicillin and 100 µg/mL streptomycin). The cells were then incubated at 37°C and 5% CO~2~.

To label cells with particles, liver cells were grown to 80% confluency, trypsinized for 6 to 8 minutes at 37°C, and regrown to 75% confluency.^[@bibr22-1536012118787322]^ Cells were washed once with Mg^+^/Ca^2+^-free 1× PBS and treated with 650 µL of a 4.3 mg/mL solution of silica- or iron-based particles in Alpha MEM media and 2× P/S with no serum. The particles were incubated with the cells for 3 hours, then 700 µL of FBS was added to the cells. After incubation for an additional 17 hours, the particle solution was aspirated, the cells were washed with prewarmed Mg^+^/Ca^2+^-free 1× PBS, and 7 mL of complete media were added to the cells.

Liver Decellularization, Recellularization, and Analyses {#section8-1536012118787322}
--------------------------------------------------------

All animal procedures were conducted with approval from the Institutional Animal Care and Use Committee of the University of Arizona. Three livers were tested with ultrasound imaging, and 3 other livers were tested with MRI. To decellularize the liver, a mouse was killed, the liver was extracted, and the liver was placed in UW solution at 37°C ([Figure 1](#fig1-1536012118787322){ref-type="fig"}).^[@bibr23-1536012118787322]^ The liver was agitated via vortex in 15 mL of hypotonic solution for 15 minutes. Then, the liver was removed from the deionized water, agitated in 15 mL of 1× PBS for 30 minutes, and immersed in a 10% (vol/vol) solution of Triton X-100 in deionized water for several hours to decellularize the tissue. The decellularized liver was removed from the Triton X-100 solution and agitated in 1× PBS for 15 minutes for 3 times to complete the decellularization process.

![Decellularization of mouse liver. A, A photograph of an excised mouse liver before decellularization showed an abundance of cells. B, An SEM image of the decellurized tissue verified that cells were absent and the scaffold retained structural integrity.](10.1177_1536012118787322-fig1){#fig1-1536012118787322}

To recellularize the liver scaffold, approximately 1 million particle-loaded liver cells were gently aspirated and washed with Mg^+^/Ca^2+^-free 1× PBS. The cells were then quickly washed with 3 mL of 0.25% trypsin, and then treated with 7 mL of 0.25% trypsin for 6 to 10 minutes to remove the cells from the surface of the container. Cold media was added to the cells to bring the total volume to 14 mL. The conical tube was centrifuged at 1100 rpm for 5 minutes, and the cell pellet was reconstituted in 5 mL complete media and injected into the portal vein of a decellularized liver with a 27 g needle. The cell solution that was reperfused through the liver was collected and reinjected for a total of 6 to 10 times.

Reseeded livers were placed in 50-mL conical tubes incubated at 37°C in a ThermoForma Serries II CO incubator that included a water jacket and high-efficiency particulate air (HEPA) filter (Thermo Scientific, Inc, Waltham, Massachusetts). The enclosed incubator had an atmosphere of 5% CO~2~, and the conical tubes tops were loosened to ensure air exchange. The livers were maintained in Alpha MEM media with 10% FBS and 1% PenStrep, and this media was changed every 2 days. Conical tubes were removed from the incubators for 5 to 10 minutes to remove a biopsy slice in a sterile environment and then the livers were returned to the incubator. Biopsied tissues were fixed in paraformaldehyde prior to further analysis.

Ultrasound images of the intact liver were obtained at 0, 1, 7, 11, 14, 21, and 27 days postseeding. Magnetic resonance imaging scans were performed with the liver scaffold on day 1 before cell reperfusion and on days 4, 10, 17, and 31 after cell reperfusion. Liver biopsies were imaged by confocal microscopy on days 1, 9, 13, and 29 for silica-labeled livers and on days 1, 9, 11, 13, 20, and 31 for iron-labeled livers. Biopsy samples of the silica-labeled cells were imaged with SEM on days 0, 7, 9, 13, 19, and 29. Biopsies of the iron-labeled cells were imaged with SEM on days 0, 7, 9, 13, 19, and 29. These measurements were volumetrically normalized.

Imaging Studies {#section9-1536012118787322}
---------------

Ultrasound images were acquired using a Vevo 2100 scanner with a linear transceiver array operating at 50 MHz (Visualsonics, Inc, Toronto, ON, Canada). To determine the theoretical lower limit of detecting silica particles with ultrasound imaging, we mixed 0.2, 0.4, 1.32, and 1.56 mg/mL concentrations of silica particles in 10% (wt/vol) agar. The average ultrasound intensity was measured 7 mm deep into each sample, then each sample was sliced every 2 mm and imaged in the confocal microscope to verify particle location and differentiation from any remaining bubbles in the solidified sample. To determine the number of particles, the grayscale of the ultrasound images were inverted so the brighter spots became dark. The Image-based Tool for Counting Nuclei plugin within ImageJ (ImageJ version 1.49) was used with an empirically determined minimum threshold and the average particle diameter to automatically calculate the number of silica-labeled cells.^[@bibr24-1536012118787322]^

To analyze tissues with ultrasound imaging, the liver was placed in a customized nylon container with a 10% agar bottom so that the liver could be imaged from the bottom of the container while the liver was in cell media. The same analysis protocol with ImageJ described above was used to estimate the number of cells or cell groups in the liver. The area of the liver in each 2D image slice was used to estimate 3D liver volume to provide a volumetric count of cells labeled with silica particles.

Magnetic resonance imaging was used to analyze iron oxide particles in agar. Magnetic resonance imaging was also used to image the same liver samples that were evaluated with ultrasound imaging. T~2~-weighted MR images were acquired using a Biospec MRI scanner with a 4-channel array coil in a 7T magnet with a 20-cm bore (Bruker Biospin, Inc, Billerica, Massachusetts).^[@bibr25-1536012118787322]^ A spin-echo acquisition protocol was performed with 6000 ms TR, 40 to 480 ms TE, 12 echoes, 2.77 × 2.77 cm field of view, 54 × 54 µm in-plane resolution, 0.5-mm slice thickness, 4 slices, and 2 averages at 37°C. Data from samples that ranged between 0.14 and 10.7 mg/mL were analyzed to determine the T~2~ relaxivity of the iron oxide particles. T~2~ parametric maps were calculated using Paravision v. 5.1 (Bruker Biospin, Inc). The same analysis protocol with ImageJ described above was used to estimate the number of cells or cell groups in the liver.

A SP5-II spectral confocal microscope (Leica Microsystems, Buffalo Grove, Illinois) used a 633-nm Helium Neon laser to image silica particles labeled with Dragon Green fluorophore, and used a 488-nm argon laser to image iron oxide particles labeled with the same fluorophore. The objective lenses used for imaging were the 10×/0.4 PL Apo, 20×/0.7NA Plan Apo, 20×/0.7NA Plan Apo multi-IMM (oil), 40×/1.25NA PL Apo (oil), and 63×/1.4 NA PL Apo (oil). The microscope had an inverted stand with an environmental control chamber for live cell imaging. The images were processed using Leica's LAS-AF software version 2.7.

Transmission electron microscopy (TEM) was performed with a Phillips (FEI) CM12S microscope operating at 80 kV that provided 8-bit TIFF images collected with an AMT Optronics 4 Mpixel camera. Some TEM images were obtained with a 200-kV Hitachi H8100 microscope with a high brightness LaB6 electron source that captured images on film.

To perform SEM, tissue samples were placed in 4% paraformaldehyde at 4°C for at least 4 hours and then dehydrated with ethanol gradients from 70% to 100% in 5% increments.^[@bibr26-1536012118787322]^ Particles and reperfused liver tissue were coated with gold on a Hummer sputtering system (Anatech USA, Inc, Union City, California). Tissue samples were placed onto a glass slide, mounted on the SEM stub, and placed in a gold coat sputtering chamber. Reperfused liver tissue that was fixed for 24 hours was placed on the SEM stub for gold coating. A 4-nm layer of gold was laid onto the particle sample by coating at 15 milliamps for 60 seconds. Iron oxide and silica particles were imaged with an S-4800 field emission SEM (Hitachi Corporation, Japan). Imaging was performed in a conventional vacuum at 30 kV, 3.0 spot sizes, from ×200 to ×27 000 magnification, with an Everhart-Thornley detector. Images were analyzed using Inspect S software version 3.1.4 (FEI Co, Hillsboro, Oregon).

Results {#section10-1536012118787322}
=======

Characterizations of the Particles {#section11-1536012118787322}
----------------------------------

The mesoporous silica particles were synthesized using the Stöber method, which can use different mixtures of ammonia, ethanol, and TEOS to produce particles with different average sizes and size distributions.^[@bibr27-1536012118787322]^ The mixture used in our formulation produced aggregated particle sizes with a homogenous Gaussian distribution of 760 ± 10 nm as determined with DLS ([Figure 2](#fig2-1536012118787322){ref-type="fig"}). The TEM performed at 200 kV showed pore sizes of 1 to 5 nm for the mesoporous particles. For comparison, the characterization of the iron oxide particles showed a larger particle size of 1840 ± 190 nm. Confocal microscopy confirmed that the fluorescence intensities of both types of particles were not significantly changed after surface modification.

![Particle characterizations. Iron oxide particles that were coated with polystyrene embedded with Dragon Green fluorophore were conjugated with protamine sulfate and glutamine. A, A TEM image showed that the particles were spherical. B, TEM images at higher resolution showed the coating. C, Dynamic light scattering measured an average diameter of 1840 ± 190 nm for these particles. Mesoporous silica particles were synthesized using the Stöber method, loaded with Alexa Fluor 647, and conjugated with protamine sulfate and glutamine. D, The TEM image showed that the particles were spherical. E, The TEM image showed a thin coating on these particles. F, Dynamic light scattering measured an average diameter of 760 ± 10 nm for these particles. TEM indicates transmission electron microscopy.](10.1177_1536012118787322-fig2){#fig2-1536012118787322}

The signal amplitude from ultrasound imaging was linearly correlated with silica particle concentration from 0.2 to 1.56 mg/mL ([Figure 3](#fig3-1536012118787322){ref-type="fig"}). The standard deviation of the background signal without silica particles was measured to estimate the noise level. Based on signal-to-noise ratio of 2√2 that represents a 95% probability that the signal arises from the addition of silica particles to the sample, the minimum concentration of the mesoporous silica particles that can be reliably detected with ultrasound imaging is 0.28 mg/mL.^[@bibr28-1536012118787322]^

![The relationship between ultrasound signal and silica particle concentration. A, The ultrasound signal amplitude was found to be linear with concentration. B, A sample of 0.2 mg/mL of the silica particle in 10% agar. C, A sample of 1.56 mg/mL of silica particle in 10% agar showed a difference in ultrasound signal amplitude.](10.1177_1536012118787322-fig3){#fig3-1536012118787322}

The r~2~ relaxivity of iron oxide particles was determined to be 131 (mg/mL)^−1^·s^−1^ ([Figure 4](#fig4-1536012118787322){ref-type="fig"}). A decellularized mouse liver was imaged with MRI to estimate the endogenous signal amplitude. Using the same 95% probability threshold listed above, we determined that a minimum concentration of 0.080 mg/mL of iron oxide particles was required for detection with MRI. Therefore, MRI was 3.5 times more sensitive than ultrasound imaging for detecting their respective particles with our tested protocols.

![The relationship between iron oxide signal and iron oxide particle concentration. A, The R~2~ relaxation rate was found to be linear with concentration. B, A decellularized liver without iron-labeled cells. C, A recellularized liver at day 31 with iron-labeled cells showed a difference in the T~2~-weighted MRI signal amplitude. MRI indicates magnetic resonance imaging.](10.1177_1536012118787322-fig4){#fig4-1536012118787322}

Ultrasound Imaging of Liver {#section12-1536012118787322}
---------------------------

Ultrasound images of the liver were obtained with and without silica particles ([Figure 5A](#fig5-1536012118787322){ref-type="fig"}). Images before perfusion of the silica-labeled cells showed some regions of higher signal amplitude that were indicative of vasculature. Most of these high-signal regions were near the center of the liver, where the inferior vena cava and portal veins enter the liver and spread through the lobes. After reseeding with approximately 1 million silica-labeled cells, the estimated density of cells or cell groups increased during the longitudinal study ([Table 1](#table1-1536012118787322){ref-type="table"}), although a majority of cell growth occurred during the first 10 days ([Figure 5B](#fig5-1536012118787322){ref-type="fig"}). The spatial resolution of the ultrasound images was 125 µm so that pixels with image signal indicative of mesoporous silica particles did not necessarily represent individual cells labeled with silica. Instead, these results suggested that ultrasound imaging underestimated the number of cells in the liver.

![Liver recellularization with silica-labeled cells. A, An ultrasound image of the liver 27 days after reseeding shows signal from the silica particles. B, Ultrasound imaging tracked cell proliferation, which plateaued after 10 days. C, Confocal fluorescence microscopy of a liver biopsy sample detected the Alexa Fluor 647 fluorophore in the silica particles. D, Cell proliferation using fluorescence. E, SEM of a liver biopsy sample detected individual cells. F, SEM cell proliferation. SEM indicates scanning electron microscopy.](10.1177_1536012118787322-fig5){#fig5-1536012118787322}

###### 

Imaging-Based Dectection of Labeled Cells.

![](10.1177_1536012118787322-table1)

  Modality              Silica-Labeled Cells   Iron-Labeled Cells         Maximum Relative to SEM                             
  --------------------- ---------------------- -------------------------- ------------------------- ------------------------- ------------------------------
  Ultrasound            20 437                 53 182                     --                        --                        0.022%
  MRI                   --                     --                         275 512 ± 105 187         1 653 750 ± 329 700       1.22%
  Confocal microscopy   117 900 ± 70 400       767 800 ± 99 600           1 231 000 ± 285 000       14 994 000 ± 1 570 000    0.32% (silica), 11.1% (iron)
  SEM                   --                     237 500 000 ± 45 300 000   --                        134 700 000 ± 1 600 000   --

Abbreviations: MRI, magnetic resonance imaging; SEM, scanning electron microscopy.

Magnetic Resonance Imaging of Liver {#section13-1536012118787322}
-----------------------------------

The MR images were taken of the liver with and without the iron oxide particles ([Figure 6A](#fig6-1536012118787322){ref-type="fig"}). The image of the decellularized liver before the reperfusion of iron-loaded cells identified the protein scaffold but otherwise showed no evidence for iron oxide particles. The estimated density of cells or cell groups continuously increased during the longitudinal MRI study after reseeding with approximately 1 million cells, reaching the highest density at 31 days, at the end of the study ([Figure 6B](#fig6-1536012118787322){ref-type="fig"}, [Table 1](#table1-1536012118787322){ref-type="table"}). The MRI resolution was 54 µm so that pixels with image signal indicative of iron oxide did not necessarily represent individual cells labeled with iron oxide particles.

![Liver recellularization with iron-labeled cells. A, An R~2~-weighted MRI image of the liver 31 days after reseeding showed signal from the iron oxide particles. B, MRI tracked cell proliferation, which was approximately linear during the time frame of the study. C, Confocal fluorescence microscopy of a liver biopsy sample detected the Green Dragon fluorophore. D, Confocal microscopy tracked cell proliferation. E, SEM of a liver biopsy sample detected individual cells 31 days after recellularization. F, SEM was also used to track cell proliferation. MRI indicates magnetic resonance imaging; SEM, scanning electron microscopy.](10.1177_1536012118787322-fig6){#fig6-1536012118787322}

Confocal Microscopy of Liver {#section14-1536012118787322}
----------------------------

Liver biopsies were imaged by confocal fluorescence microscopy to estimate total cell counts ([Figures 5C and D](#fig5-1536012118787322){ref-type="fig"} and [6C and D](#fig6-1536012118787322){ref-type="fig"}; [Table 1](#table1-1536012118787322){ref-type="table"}). Similar to ultrasound imaging and MRI, confocal imaging showed a consistent increase in the number of cells or cell groups over time. Also, confocal microscopy detected more cells or cell groups in liver reseeded with iron-labeled cells than with silica-labeled cells. This result agreed with the detection of more cells or cell groups with MRI relative to ultrasound imaging. Furthermore, the number of cells or cell groups detected with confocal fluorescence microscopy was greater than detection with ultrasound imaging and MRI, which may reflect the finer spatial resolution offered by confocal microscopy relative to the other imaging modalities.

Scanning Electron Microscopy of Liver {#section15-1536012118787322}
-------------------------------------

The SEM images were used detect each cell in the field of view, which was then used to estimate total cell density throughout the liver ([Figures 5E and F](#fig5-1536012118787322){ref-type="fig"} and [6E and F](#fig6-1536012118787322){ref-type="fig"}; [Table 1](#table1-1536012118787322){ref-type="table"}). The SEM images were only acquired at the end point of each study. The SEM images were used to directly compare a reseeded liver with a control liver that was not decellularized or reseeded. The cell density of the reseeded liver closely matched the density of the control liver. Assuming that SEM is the most accurate method for estimating cell count, ultrasound imaging estimated 0.022% of the total cell count, MRI estimated 1.22% of total cell count, and confocal microscopy estimated 0.32% to 11.1% of total cell count.

Final Status of the Particles {#section16-1536012118787322}
-----------------------------

Particles were characterized after 31 days in cells ([Figure 7](#fig7-1536012118787322){ref-type="fig"}). The silica particles decreased 90% in average diameter to 78 ± 7 nm, while the iron oxide particles decreased 84% in size to 290 nm ± 140 nm. These results indicated that both types of particles had eroded.

![Particle degradation. A, SEM images showed a reduced size for the iron oxide particles. B, The TEM image showed reduced iron and polystyrene composition. C, Dynamic light scattering showed 3 distinct populations of materials, with an average diameter of 290 ± 139 nm, which was an 84.1% decrease in average diameter. D-F, A similar analysis of mesoporous silica particles showed an average diameter of 78 nm ± 7 nm. SEM indicates scanning electron microscopy; TEM, transmission electron microscopy.](10.1177_1536012118787322-fig7){#fig7-1536012118787322}

Discussion {#section17-1536012118787322}
==========

Ultrasound imaging, MRI, and confocal fluorescence microscopy underestimated the number of proliferating cells relative to results from SEM. This underestimation likely resulted from the presence of multiple cells per imaging voxel for each of the imaging modalities. This underestimation was most severe for ultrasound imaging, which had the poorest spatial resolution of the imaging methods that were tested. For comparison, previous studies with very dilute concentrations of labeled cells could accurately detect each labeled cell.^[@bibr7-1536012118787322],[@bibr29-1536012118787322],[@bibr30-1536012118787322]^ The reseeding process created a concentration of cells that did not allow for individual cell detection within the liver. Despite this underestimation, each of the imaging methods could successfully track the longitudinal progression of recellularization of the liver scaffold.

Cell proliferation within the reseeded liver scaffolds would be expected to increase the number of image voxels that are occupied by particle-labeled cells. Conversely, cell division would be expected to dilute the concentration per cell of the mesoporous silica particles or iron oxide particles. Our observed increase in the R~2~ relaxation rate and the ultrasound imaging signal throughout the reseeded liver scaffold suggested that the effect of cell proliferation was greater than the effect of dilution on imaging signals during the time course of our studies. A longer time course of a future study may show that continued cell division with a slowing of proliferation can dilute the concentration of particle per cell, eventually leading to a decrease in R~2~ relaxation rate and ultrasound imaging signal.

Based on these results, future studies should consider using MRI for tracking the recellularization of decellularized organs. Magnetic resonance imaging was able to detect a 3.5-fold lower level of iron oxide labels in cells relative to intracellular silica labels. The MR images were obtained with better spatial resolution that generated higher counts of cells or cell groups relative to the more coarsely resolved ultrasound images. More generally, MRI has a greater depth of view for larger tissues than ultrasound imaging, even with a high frequency ultrasound imaging probe, which may be an advantage when scaling this method to larger liver samples. Although clinical ultrasound imaging is known to be faster than clinical MRI studies, the ultrasound imaging and MRI protocols and image processing for this study were comparable in time and effort.

The analysis of liver scaffolds reseeded with iron-labeled cells showed a higher number of cells than scaffolds reseeded with silica-labeled cells. Furthermore, the proliferation of iron-labeled cells was more sustained than with silica-labeled cells, which plateaued in proliferation 10 days after reseeding. The presence or degradation of the silica particles may have led to the lower proliferation of these cells, considering that the cell isolation and reseeding of liver scaffolds were identical for both types of labeled cells. The average diameters of the particles were also different, which may have also led to differences in cell proliferation. More generally, the toxicity potentially caused by intracellular particles remains an active area of research.^[@bibr31-1536012118787322][@bibr32-1536012118787322]--[@bibr33-1536012118787322]^ The noninvasive imaging modalities investigated in this study may be useful tools for monitoring the longitudinal progression of cell proliferation in many organ scaffolds to evaluate potential toxicities of additional particle formulations.^[@bibr34-1536012118787322],[@bibr35-1536012118787322]^
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